Introduction
Arnong the more prominent, poorly-understood features of the ocean floor are the linear island chains and aseismic ridges. The topographie expression of these features is usually interpreted as the result of an unusually large amount of volcanism. In general, dating of the oldest rocks found at any point along the chains or ridges points to a rnonotonic increase in age with increasing distance from an active volcan0 (' hot-spot ') marking the younger end (Wilson 1965 ). The volcanic clïains, which are imbedded in the lithosphere, are often inferred to result from the motion of the plates over sources beneath the lithosphere (Morgan 1971; Wilson 1965) . The cause of the origin of these sources, however, is a hotly-debated subject, and unfortunately critical tests of most of the theories do not exist.
If these chains and ridges result from sources beneath the lithosphere, then the velocities at which the spots move with respect to each other provide important constraints on the convection process in the mantle beneath the plates. For instance, if the inferred ' hot-spots ' were found to be fixed with respect to each other, then such a result would imply a very stable pattern of convection and could be used as strong support for Morgan's (1971) contention that narrow plumes rise from the lower mantle to form these volcanoes and their associated traces. Alternatively, if the ' hot-spots ' moved rapidly with respect to each other, then the origin of at least some of the linear volcanic chains and ridges might better be ascribed to another phenomenon, such as a crack propagating through the plates (Betz & Hess 1940; Jackson & Wright 1970; Menard 1964; Turcotte & Oxburgh 1973) , and localized volcanic sources (or spots) beneath the plates might not exist at all. The use of the global set of ' hot-spots ' as a reference frame in which the motions of the plates can be measured is useful only in so far as the set is rigid or the motion of its components is fully known.
Thus far, three published studies have directly attacked the problem of how much the ' hot-spots ' move with respect to each other. Minster et al. (1974) (1973) , because of the ambiguity in determining the linear volcanic chain that lies on sea-floor of early Tertiary age and that is associated with these spots.
Reconstructions
To examine the relative motion of the ' hot-spots ' we reconstructed the positions of the surrounding plates at the times of anomalies 13 and 24, which are respectively 38 and 60 My old, according to the magnetic reversa1 chronology of Heirtzler et al. (1968) . These anomalies were chosen because they are among the best defined. The uncertainties in the ages of these anomalies is probably not much more than 10 per cent and has a negligible effect on the results discussed below. Parameters for the reconstructions are given in Whereas the reconstructions of the relative positions of the plates may be determined objectively and easily from the position of magnetic anomalies and fracture zones, determination of the positions of the plates with respect to the ' hot-spots ' is less simple. We assumed that the Iceland spot has always been close to the GreenlandEurasia accreting plate boundary, but this assumption does not yield unique reconstructions. For either time considered, one is free both to rotate the reconstructed plates about a pole through the Iceland spot, and to choose the position of the Iceland spot along the Greenland-Eurasia plate boundary. To examine the first condition, al1 Notes to Table 1 * Al1 rotations are with respect to a reference frame attached to the Greenland-Eurasia accreting plate boundary and the presumed ' hot-spots ' in their present position.
t Angles give motion of named plate in a right-handed sense.
$ Angle of rotation from this paper.
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(1) Le Pichon et al. (1974) (2) Minster et al. (1974) (3) Le Pichon et al. (1971) . (4) Francheteau (1973 Fig. 1 . In this and al1 subsequent maps ' hot-spots ' are held fixed with respect to the CO-ordinate system, and the plates with their ' hot-spot' traces and magnetic anomalies are moved. If ' hot-spots ' generated their respective traces and remained fixed with respect to one another, at al1 times they would underlie their respective traces. Note that except for Iceland which is assumed to underlie its trace, al1 others do not underlie their respective traces. The worst case is the Ninety-East Ridge which is 1000 km from either Amsterdam and St Paul's Islands or Kerguelen (at about 50" S, 70" E, off the map). (1) In al1 models, if a ' hot-spot ' beneath Bouvet generated a trace north-east of it to the Merz and Meteor Seamounts (Johnson, Hey & Lowrie, 1973) , this spot must have moved at a rate of about 10 mm/yr with respect to spots beneath Tristan da Cunha and Gough Island or Iceland (Figs 2-5) . Note, however, that Bouvet is at present on the Antarctic plate and that the predicted trace is not parallel to the proposed trace between Bouvet and Merz and Meteor Seamounts (Johnson et al. 1973) . Thus, the origin of Merz and Meteor Seamounts may be unrelates to that of Bouvet with no trace connecting them. (Fig. l(a) and l(b) ). Minster et al. (1974) speculated that the active volcanism on Surtsey and Vestmannaeyjar Island may imply a recent NE movement of Iceland with respect to the Iceland spot. Thirty-eight or sixty million years ago, this spot must have been near the north end of the Tertiary volcanic province in Greenland and some 200 km north of the Faeroe Islands (Figs l(a), 3(a) and 5(a) ). For a ' hotspot ' beneath Gough Island to have generated the Walvis Ridge and be fixed with respect to the spot beneath Iceland, this Icelandic spot must have been yet 300 km farther north-east with respect to Greenland and Europe. Fig. l(a) shows the predicted volcanic chains on the Greenland and Eurasia plates that arise from the Tristan spot generating the Walvis Ridge and the Trindade spot generating the Martim Vaz Chain with the Iceland spot either near the south coast of Iceland or near Myvatn. Bathymetric data do not show such predicted features.
(4) If the ' hot-spots ' did not move, or moved very slowly, with respect to each other, the spot that generated the Walvis Ridge more likely underlies Tristan da Cunha and not Gough Island at present. (Molnar & Francheteau 1975) . Given the uncertainties in the estimates of the ages, the difference in age between the Deccan Traps and anomaly 24 is about 10 My, For fixed ' hot-spots ', the rate of motion of the India plate over the spot would have been approximately 200 mm/yr. This is approximately the rate between India and Africa (McKenzie & Sclater 1971) , and therefore, immediately after the Deccan Traps were extruded, the India-Africa spreading centre would have migrated north leaving the Réunion spot beneath the Africa plate. If India moved away from the Réunion spot at a lower rate, then at the time the Deccan Traps were erupted, the spot would have been under the Africa plate and not beneath India. Moreover, because the Africa-India spreading centre would have migrated away from the Africa plate and the Réunion spot at 100 mm/yr, this spot would have underlain the India plate for only a short time. Yet magnetic anomalies and fracture zones in this region (Schlich 1974) imply that the Chagos-Laccadive Ridge formed on the India plate. Thus, a great deal of asymmetric spreading or a large jump of the spreading centre ( N 600 km) would be required to form the Chagos Ridge above a ' hot-spot ' fixed with respect to others in the Atlantic and be on the India plate now. Because a ridge jump appears to have isolated the Seychelles in the late Cretaceous, a similar ridge jump could easily have separated the Chagos Ridge from the Africa plate and joined it to the India plate. Alternatively, if the Réunion spot moved at a velocity of about 20 rnrn/yr with respect to the Iceland spot in the late Cretaceous and early Tertiary, spreading at the India-Africa plate boundary could have occurred symmetrically as Schlich's (1974) data imply.
(7) The formation of the Chagos-Laccadive Ridge over a ' hot-spot ' fixed with respect to other ' hot-spots ' can be examined in another way. The Chagos-Laccadive Ridge is approximately parallel to a fracture zone created by motion of India away from Africa between about 75 and 45 My ago (Fisher, Sclater & McKenzie 1971; McKenzie & Sclater 1971) . As the Chagos-Laccadive Ridge and Mascarene Plateau are often presumed to have been generated by a ' hot-spot ', the pole of rotation of India and Africa with respect to each other is the same as that between either of the two plates and this spot. At the same time, the Walvis Ridge is presumed to record the motion of the Africa plate over a ' hot-spot at Tristan da Cunha or Gough Island. If the ' hot-spots that generated the Indian Ocean and South Atlantic aseismic ridges were fixed with respect to each other, at the time these ridges formed they would have fallen on small circles about the same pole of rotation, the pole for relative motion of India and Africa, between 45 and 75 My ago. This pole can be calculated easily from parameters given by McKenzie & Sclater (1971) or by determining it directly from the trends of this ancient transform fault (the Chagos Trench and the Mauritius Trench). For Our purposes, the two determinations agree well and show that the pole is in central Africa. The Walvis Ridge is not parallel to a line of latitude about this pole, but in fact is close to a meridian for this pole. Thus there is no way for the ' hot-spots ' in the North-west Indian Ocean and beneath the Walvis Ridge to remain fixed with respect to each other unless Africa moved very little with respect Relative motion of ' hot-spots ' to the Walvis Ridge spot so that very little of the Walvis Ridge was generated during this intemal.
(8) The reconstructions (Figs 2(b), 3(b) , 4(b) and 5(b)) show that a ' hot-spot ' beneath either St Paul and Amsterdam Islands or beneath Kerguelen (near 50" S, 70" E) cannot have produced the Ninety-East Ridge if they have remained fixed to the Atlantic spots. Either of these postulated hot-spots ' must have moved at rates of at least 20 mm/yr with respect to the Atlantic ' hot-spots ' if it generated the Ninety-East Ridge. Alternatively, the Ninety-East Ridge was formed by another process, or another ' hot-spot ' produced the Ninety-East Ridge but no longer is active.
Discussion
For the inferred localized sources beneath these active volcanic areas to have remained fixed with respect to one another, several possible, but in Our opinion implausible, circumstances must have fortuitously occurred simultaneously. A more likely explanation for the genesis of many of the volcanic chains is either that these sources move with respect to each other at rates at least as great as 10 mm/yr or that the sources are not localized but extend over distances larger than 600 km or both. Rates of 10 mm/yr are typical for separation rates of continents and the dimension required for ' hot-spots ' is of the order of the thickness of the asthenosphere. Both of these are consistent with at least some ' hot-spots ' being the results of convective flow in the upper 700 km of the mantle. The association of many linear volcanic chains with fracture zones may be of a consequence of fracture zones being zones of weakness in the lithosphere, along which material from the asthenosphere migrates to the surface.
